A Twin Study of Metabolic Syndrome and Autonomic Tone. Introduction: One possible mechanism of higher cardiovascular mortality associated with the metabolic syndrome (MetS) may be through abnormal modulation in autonomic tone.
Introduction
The metabolic syndrome (MetS) is associated with the development of diabetes mellitus and increases the likelihood of cardiovascular disease (CVD) events, including atrial fibrillation, acute coronary syndrome, cardiac death, and overall mortality. [1] [2] [3] [4] [5] [6] The risk of future CVD events is more strongly correlated with the MetS than its individual components, 2, 4 although this issue is still debated. One possible mechanism underlying the link between MetS and CVD events is through abnormal modulation in autonomic tone, which has been associated both with MetS and CVD risk. [7] [8] [9] Specifically, increased sympathetic activity 10 and decreased parasympathetic activity 11 have been associated with a higher risk of sudden death. Both the sympathetic and parasympathetic nervous system have been implicated in mediating atrial fibrillation. 12 Experimental evidence also suggests an interaction of the autonomic nervous system with the development of vascular atheroma and occlusion. 13 Heart rate variability (HRV) is a complex measure of heart rate modulation that incorporates both sympathetic and parasympathetic effects as well as their interaction. 14, 15 When determined from 24-h electrocardiographic recordings, depressed HRV predicts adverse cardiovascular events. [16] [17] [18] In particular, reduced HRV is associated with an increased risk of atrial fibrillation, myocardial infarction, congestive heart failure, coronary heart disease death, and total mortality. [16] [17] [18] [19] While several pilot studies suggest an association between the MetS and HRV, these studies are limited by modest sample size and short-term HRV recordings. 7, 9, 20 Shortterm HRV recordings (i.e., 2-5 min rather than 24-h) do not quantify the very-low and ultra-low frequency components of HRV, which are the most powerful predictors of adverse CVD events. 14, 16 In addition, prior studies have not adjusted for important confounders such as depression and physical activity, nor have these studies standardized the schedule and activity of participants during ambulatory ECG recording. 21, 22 Studies using discordant twin pairs provide unique insight because similarities in genetic background and early environment between twin siblings reduce variation resulting from unmeasured potential confounders. In addition, a study utilizing twins may provide insight into the genetic or other familial component of any association. The purpose of this study, therefore, was to further examine the association between the MetS and autonomic tone, as measured by HRV, using a well-controlled study of twins. In addition, a study of MetS and autonomic function utilizing twins provides insight into the genetic and other familial component of any association.
Methods

Participants
The Twins Heart Study (THS) is an investigation of psychological, behavioral and biological risk factors for subclinical cardiovascular disease using twins. Participants were selected from the Vietnam Era Twin (VET) Registry, a cohort of 7369 middle-aged male-male twin pairs both of whom served in the United States military during the Vietnam War. 23, 24 Characteristics of the VET Registry have been previously reported. 25 The THS included 360 twins from the VET Registry all born between 1946 and 1956 (>90% of the twins in the VET registry fall into this range). The methods of construction of this sample were also described before. [26] [27] [28] Briefly, the twins were free of a self-reported previous diagnosis of cardiovascular disease based on survey data collected in 1990, 29 including a previous diagnosis of myocardial infarction, coronary heart disease, angina, congestive heart failure or stroke, or previous coronary angioplasty or coronary bypass surgery. From this group, random samples of twins in two strata were selected: one stratum included twins discordant for a lifetime history of major depression; and in a second stratum, neither twin had a history of depression. All twins were examined, in pairs, at the Emory University General Clinical Research Center between March 2002 and March 2006. The GCRC admission lasted approximately 27 h and the entire data collection for the study occurred during this time. The two twins maintained an identical schedule while in the GCRC under the supervision of study personnel. Activity was limited to ambulation within the Emory facilities. All assessment, including ambulatory ECG monitoring, began and ended at the same time. This protocol was approved by the Institutional Review Board at Emory University, and all participants provided written informed consent.
Metabolic Syndrome
We used the 2005 American Heart Association (AHA), National Heart Lung and Blood Institute (NHLBI) definition of the MetS, 30 which is based on any three of the following five criteria: waist circumference of ≥40 in, triglycerides ≥ 150 mg/dL or drug treatment for elevated triglycerides, HDL-C < 40 mg/dL or drug treatment for reduced HDL-C, systolic blood pressure (BP) ≥ 130 mmHg or diastolic BP ≥ 85 mmHg or drug treatment for hypertension, and fasting glucose ≥ 100 mg/dL or drug treatment for elevated glucose. 30 
Heart Rate Variability
For the measurement of HRV, participants wore an ambulatory ECG (Holter) monitor (GE Marquette SEER digital system) for 24 h. Twin pairs were studied at the same time and their recording times, schedule, and activity level during Holter monitoring were matched. The methodology of HRV acquisition and analysis has been previously described. 16, [31] [32] [33] All recordings were manually processed and edited to ensure accurate identification of QRS complexes. For frequency domain analysis, the heart rate spectrum was computed using a fast Fourier transformation with a Parzen window. As described previously, 16 
Other Measurements
A thorough medical history and a physical exam were obtained from all participants. Abdominal and hip circumference was measured. Systolic and diastolic blood pressure was measured using a standard sphygmomanometer on the right arm with the participant in the seated position after 10 min of rest. Blood pressure was taken as an average of two measurements 5 min apart. Venous blood samples were drawn for the measurements of glucose and lipid profile after an overnight fast. Total triglycerides were determined by enzymatic methods (Beckman Coulter Diagnostics, Fullerton, CA, USA). Direct high-density lipoprotein (HDL) and lowdensity lipoprotein (LDL) cholesterol were measured with homogeneous assays (Equal Diagnostics, Exton, PA, USA). Glucose levels were measured on the Beckman CX7 chemistry autoanalyzer. Cigarette smoking was classified into current versus not current smoker. Physical activity was determined by means of a modified version of the Baecke Questionnaire of Habitual Physical Activity. 34 For this analysis, we used the global physical activity score, higher scores indicating more physically active. To measure depressive symptoms, we administered the Beck Depression Inventory-II (BDI-II), a standardized scale of depressive symptoms with higher scores indicating more severe depression. 35 For this analysis, we used a cut point of 14 to indicate the presence of at least mild depression. 35 
Statistical Analysis
Baseline characteristics were compared between study participants with and without the MetS. P values were corrected for the correlation between co-twins using generalized estimating equations (GEE) for categorical variables and mixed effects models for continuous variables. All HRV measurements were log-transformed to normalize their distribution for analysis.
Two approaches were used to examine the association between MetS (and its individual components) and HRV: (a) considering twins as separate individuals, in which all twins were eligible for inclusion regardless of whether their brother was available for analysis; and (b) within twin pairs approach (co-twin control analysis). The within-pair effects are inherently controlled for demographic, shared familial (including genetics) and environmental influences; in addition, daily activities and other environmental factors during the ambulatory ECG recording are controlled since co-twins were examined at the same time and under the same conditions. If an association is present both when analyzing twins as individuals and within twin pairs, this suggests that there are not familial confounding factors.
In the analysis of all twins as individuals, we used mixed effects regression models and accounted for the twin pairs using a random effect term for each pair. Analyses were repeated after adjusting for age, current smoking, depression, physical activity, medications (beta-blocker, reninangiotensin blocker, statin, aspirin, anti-depressant), and creatinine clearance. To see if there was a gradient pattern to the association between MetS and HRV, we compared the mean HRV in each frequency band for each additional component of the MetS (from 0 components to all 5 components). To ease interpretation, and in order to display the actual magnitude of the difference, we expressed the results as percent difference of the nontransformed values by using the following formula: [1-(exp β )] × 100(%). Spearman correlation coefficients were also calculated between the individual components of the MetS and the spectral components of HRV as continuous variables. Finally, we compared mean HRV between individuals with and without the MetS, again adjusting for potential confounding factors.
We then performed within-pair analyses, which examined differences in HRV between co-twins in each pair who were discordant for the MetS component of interest. Initially we constructed twin pair subgroups who were discordant for the MetS and for each individual MetS component and compared HRV values between the discordant twins. Next, to examine the cumulative impact of increasing MetS risk factors on HRV, we defined discordance as a different number of MetS components within a twin pair. We fitted mixed effects models adapted for twin research 36 in which the within-pair parameter expressed the difference between twins who were discordant for number of MetS components, and was analyzed as an ordinal variable describing the departure of each twin from the pair average. These analyses were repeated after stratification according to zygosity. A twin study design is a useful tool in uncovering genetic influences not only on specific traits, but also on specific associations. If the association is due to genetic factors, then it should be found within dizygotic (DZ) twin pairs, who share on average only 50% of their genes, but not within monozygotic (MZ) twin pairs, who share 100% of their genes. All of the analyses were performed using Statistical Analysis Software (version 9.13, SAS Institute Inc., Cary, NC, USA).
Results
Analyses of All Twins as Individuals
From the 360 twins in this study, 288 (80%) had Holter recordings adequate for HRV analyses (18 h or more of recording with at least 80% noninterpolated intervals). Of these 288 participants, 151 (52%) had the MetS. This sample included 115 twin pairs and 58 unpaired twins (resulting from exclusion of the co-twin). Twins with the MetS had higher levels of depressive symptoms, were less physically active, and were more likely to be taking beta-blocker, aspirin, renin-angiotensin blocker, statin, and antidepressant medications (Table 1) .
When the individual components of the MetS were considered as dichotomous variables (as defined by the updated AHA/NHLBI criteria) in the overall sample, most of them showed associations with at least one HRV variable. In adjusted analyses, associations persisted for hypertriglyceridemia (P < 0.05 for ULF, VLF, LF, TP, ranging from 16% † Difference in HRV expressed in original (not log-transformed) units. LnULF = log ultra low frequency; LnVLF = log very low frequency; lnLF = log low frequency; lnHF = log high frequency; lnTP = log total power.
to 21% lower HRV), hypertension (P < 0.05 for VLF, LF, 16% and 20% lower, respectively), hyperglycemia (P < 0.05 for LF, 17% lower), and waist circumference (P < 0.05 for LF, 18% lower). In contrast, after adjustment for possible known confounders such as physical activity and smoking, HDL did not show significant associations with any of the HRV frequency bands in multivariable analysis.
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The MetS was associated with decreased HRV across all frequency ranges when considered as a dichotomous variable (Table 2) . After adjustment for possible confounders, the VLF, LF, and TP spectra of HRV remained significantly lower in participants with MetS. In addition, HRV decreased progressively with higher number of MetS components (Fig. 1) , and participants with all five components had HRV values between 18% and 50% lower than those with no MetS components. Exclusion of participants with diabetes or coronary heart disease resulted in no substantial change in these results. (beta-blocker, renin-angiotensin blocker, statin, aspirin, antidepressant) , and creatinine clearance.
Analyses Within Twin Pairs
Of all twin pairs, 41 were discordant for metabolic syndrome. In general, differences in subject characteristics showed trends similar to the analyses of twins as individuals but were less pronounced within these matched pairs. When analyses were restricted to twin pairs who were discordant for each MetS component, analyses of the individual components of the MetS revealed a similar pattern to analyses of twins as individuals, although differences were somewhat less marked. The limited number of twin pairs who were discordant for each of the MetS components (n = 24-42, depending on the MetS component), however, minimized the power of this analysis. Only hypertension and waist circumference were significantly associated (P < 0.05) with HRV (VLF and LF, 24% to 40% lower for hypertension, respectively, and from 20% to 25% lower HRV for waist circumference) in twin pairs who were discordant for these components. When the analysis was repeated among the 41 twin pairs who were discordant for the MetS, VLF, and LF were significantly associated with the MetS in unadjusted analysis and showed a borderline association in adjusted analysis (Table 3) .
When we considered the number of MetS components, there were 87 pairs who were discordant for number of MetS components. Within-pair analyses for differences in HRV between co-twins who differed for number of components confirmed a significantly lower VLF and LF spectra of HRV for each incremental component of the MetS. After adjustment for other covariables as above, a one-unit increment in MetS components was associated with an 8% lower VLF (P = 0.03) and a 15% lower LF spectrum (P = 0.002) comparing each twin with his brother (Table 3) . Results were no different within MZ and DZ twin pairs examined separately. Among MZ twins, who share 100% of their genetic material, for each additional MetS component there was a 10% lower VLF (P = 0.03) and a 15% lower LF (P = 0.01) HRV comparing each twin with his brother.
We repeated analyses without adjusting for medications, which may have been prescribed for treatment of MetS risk factors (beta-blockers, renin-angiotensin blockers, and statins). The results were very similar and are not shown. Difference in HRV expressed in original (not log-transformed) units. LnULF = log ultra low frequency; LnVLF = log very low frequency; lnLF = log low frequency; lnHF = log high frequency; lnTP = log total power.
Discussion
We found a strong and consistent association between the MetS and lower HRV in a well-characterized sample of middle-aged male twins. There was a gradient to the association such that participants with an increasing number of components of the MetS had progressively lower HRV. In addition, within-pair analyses of co-twins, which accounted for unmeasured sociodemographic, lifestyle and familial factors shared by twins being raised in the same family, as well as environmental influences during ECG monitoring, demonstrated a robust association of the MetS with HRV (specifically VLF and LF). Because we demonstrated that an association between MetS and lower HRV was present in both analyses of twins as individuals as well as within twin pairs, we also can eliminate familial confounding factors. Of all the HRV spectra, VLF, and LF showed persistent associations in within-pair analyses, and each incremental MetS component was associated with progressively lower VLF and LF HRV comparing co-twins.
Several prior studies have examined the association between the MetS and HRV. 7, 9, 20, [41] [42] [43] The presence of the MetS in 2,359 patients from the Atherosclerosis Risk in Communities (ARIC) study was associated with reduced LF and HF components of HRV. 20 In a study of 2,197 participants in the Whitehall II study, each individual component of the MetS and the MetS as a whole were associated with reduced LF and HF power components of HRV. 9 In the Cardiovascular Health Study, the presence of >2 components of the MetS was associated with decreased ULF and TP components of HRV. 43 Most of these prior studies, however, have been limited by their measurement of short-term (LF and HF) HRV. Importantly, short-term HRV does not measure fluctuation in beat-to-beat intervals with cycles longer than 5 min. It is the VLF and ULF spectra that have the greatest prognostic utility for CVD. 14, 16 Although VLF can be calculated in short-term recordings (≤5 min), it is a dubious measure and should be avoided. 31 Other prior studies did not adjust for important potential confounders, such as depression and physical activity, nor was HRV recorded in a controlled setting. 43 Our study also has the advantage of twins analyses, which may eliminate other unmeasured confounders.
There are several important implications of our findings. These results support the integral role of the autonomic nervous system in patients with the MetS. Whether the inciting factor leading to the MetS is obesity 44 or a primary abnormality of autonomic tone leading to a disturbance in the hypothalamus-pituitary-adrenal axis 45 is unclear. Due to the cross-sectional design of our study, this cannot be determined from our results. As demonstrated in the postmyocardial infarction setting and in patients without overt coronary heart disease, abnormal HRV predicts mortality, cardiac death, and arrhythmic death. 16, 18, 46 In particular, the ULF and VLF components of HRV are more important predictors than the LF and HF components. The VLF component, which showed a robust association with the MetS in our study, is dependent on the presence of parasympathetic activity 47 and is associated with arrhythmic death. 16 There are several strengths of our study. We assessed and adjusted for important confounding factors associated with HRV. In addition, because participants in our study were twins, within-pair analyses of co-twins accounted for familial and genetic factors shared by twins. Because co-twins were examined at the same time, environmental influences during ECG monitoring were also controlled. There are, however, several limitations of our study to consider. Despite our controlled design, it is possible that the association between the MetS and HRV may be influenced by other unmeasured confounding variables. In particular, obstructive sleep apnea has been associated with both the MetS and HRV but was unmeasured in our population. 48, 49 Also, the participants included in our study were all male middle-aged military veterans, so the results may not generalize to other populations.
In conclusion, in predominantly healthy middle-aged men, the MetS is associated with decreased HRV. These findings suggest that abnormalities of the autonomic tone as evidenced by HRV may be partly responsible for the adverse cardiovascular events such as atrial fibrillation, sudden death, or acute coronary syndrome seen in patients with the MetS.
